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1 Introduction

Since a few years, there is a considerable interest about some models of strongly correlated
electrons, in particular those of the families of the ¢—J model and of the Hubbard model.
The reason is that they exhibit some very interesting physical properties related with high
T, superconductivity. Among these models, some have the property of supersymmetry,
or quantum supersymmetry. This is the case for some generalisations of the ¢t-J model.
It is also the case for some variants of the Hubbard models in which a pair hopping term
is included ([, 2, 8] and [4] for quantum supersymmetry).

The aim of this paper is to present the construction of two variants of the super-
symmetric Hubbard model with pair hoppings, to describe the algebra that ensures their
integrability and to solve the reflection equations which lead to integrable boundary terms.



From the expression of the series of Casimir operators C, of U,(sl(2|1)), we derive
quantum spin chain hamiltonians H with built-in ¢, (sl(2]1)) invariance:

L—1
H=> 100 (papAPl{C})e - a1. (1.1)
= Site;ri,iJrl

An ingredient of the construction is the knowledge of a series of Casimir operators of
the quantum algebra. We will also see that the knowledge of scasimirs (given in section 2)
leads to some exactly solvable hamiltonians.

Another ingredient of the construction is the four dimensional one parameter typical
representation p of U,(sl(2|1)), so that the hamiltonian describes a four states per site
spin chain with two parameters (the parameter of the representation together with the
deformation parameter q).

The integrability of the closed chain is based on the algebra

(b +q) (b —q)?) (i —q~'A7?) =0, (

bibizl:lbi = bi:l:lbibi:tl ) (

bib; = bb,  for  |i—j|>2, (

(b — 2)biy (b — ) = b7 (bizs — 2)b; " = (biza — 2)b; (bizr — ) — by (bi — 2)bighy (

This algebra was proved in [H] to be sufficient to construct a solution R(u) of the Yang—
Baxter algebra (see below (4.4)). Moreover, the Birman—Wenzl-Murakami algebra [&, 7]

hhhhhh

satisfy the supplementary relations of the BWM algebra. The operators b; enters in the
expression of the two site hamiltonian as

Hi,i+1 =b; — b;l . (16)

A remarkable fact is that, using the distinguished and fermionic bases of U,(sl(2|1)),
we obtain two different hamiltonians, the difference being in the boundary terms. The
same phenomenon was described in [8] with three state per site spin chains (deformed
supersymmetric t—J model). These hamiltonians are actually equivalent on open chains,
but this equivalence, which comes from a Reshetikhin twist, is non trivial since it is non
local on the chain.

One of the hamiltonians (constructed with the distinguished basis) was known to be
exactly solvable [9, 4]. It was obtained in [4], starting from the expression of the spectral
parameter R-matrix of U, (sl(21)).

The reflection equations associated with the solution R(u) of the Yang-Baxter algebra
are solved for diagonal C matrices. Two families of one parameter solutions are found for
each equation, leading to four possible boundary terms for exactly solvable open chain
hamiltonians. This number of solutions is the same as found in [10] in the case of the
supersymmetric ¢t—J model. It is then shown that a special choice of these boundary



terms is exactly the difference of the two hamiltonians built from the distinguished and
the fermionic bases.

In the Appendix, the expressions of the scasimir operators of the (non quantized)
sl(2|1) superalgebra are given.

This work was already completed when the paper [11] appeared. In this paper, the
hamiltonian (5.6G) corresponding to the distinguished basis is studied. One of the solutions
(i.e. 6.5) for the reflection equations is given and the corresponding integrable boundary
terms are computed. The Bethe ansatz equations are also written. Analogous results
were also obtained in [12] for the same model with isotropy. Similar studies also exist for
eight-state U, (sl(3|1))-invariant models [13, 14].

2 The quantum algebra U,(sl(2|1))

2.1 Definitions

The superalgebra U,(sl(2]1)) in the distinguished basis is the associative superalgebra
over C with generators k™', e;, fi, (i = 1,2) and relations

kike = koky |
kiejki ' = q%ie; kifikit = q 9 f;,
ky — kit ky — kot
erfi — fien = —— erfo+ frer = =2,
q—4q —q
[61,f2] =0, [62’]01] =0,
e&=[f;=0,
e2es — (¢ + g V)ereser + exe2 =0,
fifo—(@+a ) fifafi+ fof =0. (2.1)

The matrix (a;;) is the distinguished Cartan matrix of sl(2|1), i.e.

@ =(27) (2:2)

The Zy-grading in U,(sl(2|1)) is uniquely defined by the requirement that the only
odd generators are e; and fs, i.e.

[aary

deg (k;) = deg (k; ") =0,
deg (e1) = deg(f1) =

deg (e2) = deg(/f2)

We define a Hopf algebra structure on U,(sl(2|1)) by

Y

— O

(2.3)

A(ez) :61®1+k’1®62,
Af)=fiokt+1e fi, (2.4)



2.2 Centre and scasimirs

In the enveloping algebra U, (sl(2|1)), we define for p € Z the elements

Q(+)p = kfpilkgpﬂ {[hl + hy + 1][he] — frer — foealhy + ho + 1] — fseg[hy — 1]

+ g7 faeserky + qfs faesky + (14 7) fgegeg} . (2.5)
and
Q) = Kk a7 {afaealh + ha] + afseslhy 2
— q ' fsezerks — ¢* frfaeskyt — (14 ¢°) f2f36362} , (2.6)
where

e3 =€ 63— q ey ey and fs=ffi—-qaf fa. (2.7)

The operators Q&) satisfy the following set of relations

Q;T) Q;;) = Q;:)Qg) =0 Vp,p2 €L, (2.8)
QI()JI) Qg) = Qz();r) Q;j) if P1+p2=Dp3+pa,
Q)9 =99 if  pit+p=ps+ps. (2.10)

In the enveloping algebra U, (sl(2|1)), there are two abelian subalgebras A and A,
generated respectively by the operators Q) and Q(). They are such that

Vzt e AT, vz e A9, etz =272t =0. (2.11)

The elements Q) allow us to build generators of the centre of U, (sl(2[1)), and also
a set of scasimirs: if we define, for p € Z

C, = QP+ 90, (2.12)
S, = QW -9, (2.13)

then

e 1 and the C,, for p € Z, generate the centre of U, (sl(2|1)), (for ¢ not a root of unity):
2Cp —Cox =0 Vo €U, (sl(2]1)). (2.14)
(See [8, 15], and [18] for the non quantized case).

e The S, commute with the bosonic elements of U, (sl(2[1)) and anticommute with
the fermionic ones (although they are themselves bosonic)

Syx — (—1)%@ xS, =0 (Vo € Uy(sl(2|1)) with homogeneous degree). (2.15)



Furthermore, the C,, S, obey the set of relations

CoiCpy = CpsCy, if D1+ D2 =pP3+Pa, (2.16)
Cplcm = Sp38p4 if P1+ D2 =p3+ps, (2.17)
Cp18p2 = Spscm if P1+ D2 =p3+Dps, (2.18)

which is equivalent to the set (2.8, 2.9, 2.1(0). Relation (2.1G) was given in [16] for the
non quantized case and in [g] in the quantized case.
In particular, on representations on which C, are different from 0, the quotient ‘g—i

plays the role of (—1), i.e.:

S, 2
=1 2.1
(Cp> ’ (2.19)

Sy

S
Sp(qydes@) . Sp
c,” (=1) ‘e,

0 (Vz eU,(sl(2]1)) with homogeneous degree). (2.20)

Most hamiltonians in the following will be constructed using (p ® p)A(C,), with

Cp = k%p_lkgp_2 {[hl + hg + 1”}12] — f1€1 + fgeg([hl + hg]q1_2p — [hl + hg + 1])
+ fses([ha — 2]¢" ™ — [ha — 1]) + (¢ — ¢ ")g~ " P[p] fseaerks
+ (¢ — ¢ " P fifaesky p— 1] +
+(g—q )¢ *pllp - 1]fzf36362} . (2.21)

2.3 Four dimensional representation

We use the one-parameter four-dimensional representation, acting on the vector space V'
of dimension 4 and defined (in the distinguished basis) by

pler) = —wqEn

plea) = A=AHEp+ (g —q AN 1 Esy

p(fi) = —q_1E32

p(f2) = Eo + Eys

p(k1) = X' (Bu + Ex + ¢ 'Ess + ¢ 'Ew)

p(ke) = wA™? (E11 +q By +q "By + q_2E44) , (2.22)

where w = +1 is a discrete parameter that allows two different (inequivalent) representa-
tions for each value of the continuous parameter A = ¢* [15]. The discrete parameter w
is a remnant of the quantisation of the value of k; on the highest weight vector in finite
dimension.

The E;; are the standard elementary matrices of End(V') given by



The operators are represented by ordinary matrices, with complex (commuting) elements.
We do not consider supermatrices. The traces are not supertraces. Tensor products of
representations are non-graded tensor products. We indeed use, as in [8], the non-graded
coproduct defined from the usual graded one as (in Sweedler’s notation)

A9 (z) = Z x(l)gdeg(m)) ® z(2) where Az) = Z Ty ® T(2) (2.24)

g being the diagonal element in End (V') defined by g = Z?ﬁv(—l)deg(j)Ejj with deg(1) =
deg(4) = 0 and deg(2) = deg(3) = 1. This is nothing but a Jordan—Wigner transforma-
tion. Practically, on tensor products of representations, this amounts to the use of the
graded coproduct A, the evaluation of the representations p; ® ps and then application

of the transformation
Ei; ® Epy — (_l)deg(j)(deg(k)+deg(l))Eij ® Eyy . (2.25)

In the following, this will be implicitly included in the construction. This use of ordinary
matrices and non graded coproduct is actually equivalent to the standard procedure, and
leads to the same conclusions. It is however sometimes simpler in actual computations.

The transformation from A to the non-graded A™9 was used by Majid to bosonize
super Hopf algebras [17]. It is a simple case of transmutation. A transformation was
also defined in [1§] and applied to the R-matrix, which allowed to consider non-graded
Yang-Baxter equations.

3 Braid group representation

Explicit computation shows that

(p® P)A(C,) = =g NP7 ([20][2p + 1] Op + ¢~ [20] 20 + 2] O,
+q" 720+ 120+ 2]O2) (3.1)

where the expression of the operators O, is given later in equation (4.3).
The operators O, satisfy the relations

OaOb = 5a,b0a
Oy +0,+0, =1d. (32)

The operators Oy, O1, Oy are actually projectors on the representations of dimension
4, 8 and 4, respectively, that enter in the decomposition of the tensor product p® p (using
A).
Inverting (8:1) allows us to express these projectors directly in terms of evaluations
on the tensor product p ® p of some Casimir operators Cp:
gA—S

= —*)\8 -1 _,—3y-8
& = [Qu][2u+1](q4_1)(q2_1)(p®p)A( PAC, + (g + ¢ )Ci1 — N 3Cpa)




q72p+4>\78p74
0, = ® p) X
' e A D)
X A(PNC, — (¢ +q )Cpi1 + ¢ A Chpa)
O q—4p+4)\—8p—4
VRS R O
X A(=gA\°Cy+ (¢ + ¢ 1 )Ch1 — A Cpya) (3.3)

where, again, A = ¢".

As a consequence of (8:2), the algebra generated by all the U,(sl(2|1)) invariant op-
erators (p ® p)A(C,) is Vect(Oy, O1, 02) = Vect(Id, Oy, O2) C End(V @ V). Within this
algebra, we look for operators b satisfying the braid group relations

bibizl:lbi = bi:l:lbibizl:l )
bibj = b]bZ for |Z — jl Z 2 y
where

in which b occupies positions 7,7 + 1.

We find two non trivial solutions to these equations, given by

24 1 [2p 2]
b= —qld+ g \—0Oy + A 0, , 3.7
W P @ 7
the other one being its inverse b~
= - 1124 24 + 2]
1_ 1 1yl . ‘
b g Id+q¢ A [u]00+>\[p+1]02 (3.8)

These are the only solutions for generic A = ¢*. For particular values of \, i.e. A = ¢~ /2

for instance, there are other solutions to the braid relations, which can lead to Temperley—
Lieb algebra [19].

We define z = (A = A™")(gA —¢7'A") and y = ([ul[p + 1)"* = «*/(¢ — ¢7"),
including the freedom for a sign in y.

The explicit expressions for b and b=! are

b= qNE; @ By + (N — q) Bl ® Ex + (¢N* — ¢)E1y @ B33+ 2Eny @ Ey
+g\(E12 ® Egy + By @ Erp) + ¢ 722" 2(E12 ® Esg + By © Es)
+@\w(Ei3 ® By + E3 @ Ei3) — ¢1°2"?w(E13 ® Egp + E31 @ Eaa)
+ qw(Ey ® By + Ej @ Eiy) — qE» @ Ey + (¢! — q)Ex @ Ess
+(¢7'A? = q)Fx ® By — w(Es3 ® Esy + E3p @ Eo3)
+ A 'W(Ey ® Egp + Egp @ Eyy) — qF33 @ Eg3 + ('A% — q) B33 ® By
+ A N(F3 @ Ey3 + Ey3 @ E34) + ¢ ')A ?Eyy ® Eyy (3.9)



b = ¢ ATPEL ® By 4 ¢ AT (B2 @ By + By ® Eyy)
+ ¢ "N 'w(Ei3 ® E31 + F3 ® Ei3) + ¢ 'w(Eu ® Ex + En ® Eu)
+ (AN 2= NER®E — ¢ 'Ey ® By — w(Ey ® Esy + B3y ® Egs)
—q71/2x1/2w(E24 ® E31 + Egp @ E13) + Aw(Fa2y @ Ejp + Egs @ Eay)
+ (NP =g )Es@En+(q—q ) Es3s @ Exyy — q ' Es3 @ Esg
+¢"22*(E34 @ Eyy + Eg3 ® E13) + \(E34 ® Eg3 + Eg3 ® Esy)
+2E14 ® E11 + (g — ¢ ) B ® Exy + (gN\* — ¢ ') By ® E3y
+qNEy ® By . (3.10)

4 A cubic algebra, baxterization and exact solvability

These solutions satisfy the cubic equations

(b +q) (b —q\*) (bi—q'A7%) =0,
(b;l +q71) (b;l _ q)\Z) (b;l _ qil)\72) — O ]

.......

_____

_ 1 11
= BuRat 1 ([““”c”q—ql S )>’
_ [p][p + 1] 2 —1y-2 -1
O = Rl g (@ FCATH b0
[+ 1] 1 —1y-1 -1
O, = Sut 2nt 2 <[,u]1d—|— —— (=g "X\ + gAb )> . (4.3)

We can use the cubic equations (4.2) in a Baxterisation procedure [20] to get solution
of the Yang—Baxter algebra

7v2m+1(u)7v3¢+1,i+2(u + U)ﬁi,iﬂ(v) = 7v3¢+1,z'+2 (U),]?fi,iJrl(u + U)ﬁi+1,i+2 (u),

Riott(WRj11(v) = Ryt () Rigea(u)  for [i—j|>2. (4.4)
The matrix R is related to the matrix R by R = PR, the operator P being the permu-
tationmap P:z @y +— y Q.

In the simplest case where b; satisfies a quadratic relation (Hecke case), it is possible
to find a linear combination of b and b~! that is solution of the Yang-Baxter algebra
(Baxterisation).

We look here for solutions of the Yang-Baxter algebra (24) with R(u) in the linear
span of Id, b, b=! with coefficients depending on wu.

We find the solution

Ri,iﬂ(u) =1+ i ((e" - 1)bz + (e_" — l)b_l)) 3 (45)

7



relying on the fact that b obeys the supplementary relation
0 = bbby — biaby Mbiey — by Mbicabyt + bbb
— 2(bibilly — b biey — bisa by 4 bihby)
—2(q7 (b = bixa) — (b7t = b)) (4.6)

or equivalently

(b; — @)biz (b — @) — by (b1 — 2)b; ' =
= (biz1 — @)b; (b1 — &) — bty (b — )by - (4.7)

define an exactly solvable periodic spin chain. This algebra was already used in [f] to
obtain solutions of the Yang-Baxter algebra (4.4).

We notice that we do not have a full BWM algebra: in the algebra generated by b;,
b, ! the operators e; such that

el = ae; (4.8)
satisfy neither
eieir1e; = a'e; (4.9)
nor
eibiﬂei = a"ei . (410)

......

satisfies the Yang—Baxter algebra.
The R-matrix with spectral parameter u satisfies the inversion relation:

Ru)R(~u) = C(u) | (4.11)
with
C(u) = e (e" = A72)(e" = A)(e" — @A) (e" — g °N?) /2. (4.12)
It has PT symmetry:
Rgl (U) = Png(U)P = Ru(U)tth . (413)

It satisfies also the crossing unitarity property [21;, 22]:

Ru(u)thlel(—u — 2p)t1 Ml_l = §(u + p) 3 (414)

with
1
-1
p=Ingq, M = o (4.15)
q q2

and

E(u) = —(¢7'e" = 1)(1 —ge™)(ge" = 1)(1L =g 'e7) /2. (4.16)



We define the row-to-row transfer matrix on a closed chain as T'ro7T (u), where T (u)
is the monodromy matrix given by

T(u) =Ror(w)Ro r—1(w) -+ Ro1(u) . (4.17)

The Yang—Baxter algebra satisfied by R ensures that transfer matrices with different
spectral parameters commute, i.e.

TroT (u), TroT(v)] =0  Vu,v. (4.18)

From the R-matrix one can extract a spin chain hamiltonian with nearest neighbour

Interaction
d L—1
Hper = u - T(u) = ;Hz i1+ Mo, (4.19)
with
Hiiv1 =2 au - 731,¢+1(U) =b—b". (4.20)

With periodic boundary conditions, this hamiltonian also commutes with all the transfer
matrices, which is the requirement for its exact solvability. The hamiltonian with ordi-
nary periodic boundary conditions is however not U, (sl(2|1))-invariant. A method was
developed in [23] to construct a periodic hamiltonian which is still ¢, (sl(2]1))-invariant,
by adding a “Hp,”-type term which is not completely local. A simpler solution is also
presented in [24].

5 Two site quantum chain hamiltonian

To obtain a model of interacting electrons, we will use, as in [4] the following interpretation
of the states of the representation in terms of fermionic states:

) =) =cco) 2= =) B=m=c0) [|49=10). (51)

We will also use

ny = C%CT = E11 + E33 R (52)
n, = CIC¢ =L+ By, (5.3)
n = ny + n, = 2E11 + E22 + E33 . (54)
(5.5)
The expression of the spin chain hamiltonian obtained in this case is given by
HE = Hiop + Hiljag - (5.6)

10



where
Hhop = (CL‘HCLHCMC%' + CLCLCuHCﬁH)
+ (CL'HCTi + CL‘CTi—i-l) { — (1] +ny ([,u] + q_l/Qy) + Nyt (
gy (6] + [+ 1+ (@2 = g7 2)y) |
o (clupesi + i) { = [+ (1) = 0'%9) + mnsen (1] +a77%)
i (<[] + [+ 1]+ (2 = g 2)y) b
and
Mg = Tinys + Mgieaniyien — 200+ 1]
H¢ T ) (s + np) + g7 (g + i) (5.8)

where p is related to the parameter of the representation A by A = ¢*. By construction,
the creation and annihilation operators on different sites commute. A Jordan—-Wigner
transformation can restore the standard anticommutation property.

This exactly solvable hamiltonian with two parameters A\ = ¢* and ¢ was already
considered in [9, 4]. In [4], it was obtained as the derivative of the spectral parameter
R-matrix of the four dimensional representation of U, (sl(sl2|1)). The eigenstates of the
periodic model are found in [25] using the algebraic Bethe ansatz.

6 Reflection equations and open chain hamiltonian

6.1 Reflection equations

We can also get an exactly solvable and U,(sl(2|1))-invariant open chain hamiltonian by
solving the reflection equations [2G, 27, 28, 22, 29

Riz(u — v)KT (u)Rar(u + v)K35 (v) = K5 (v)Riz(u 4+ v) KT (w)Ra1 (u — v) (6.1)
and
Riz(—u + v)KF (w)" My Rt (—u — v — 2p) M1KS (v)? =
KF (v)2 MRz (—u — v — 2p) My K (u)* Rog (—u + ) . (6.2)
The simplest solution for these equations is [29]
K (u)y=Id and K'(u)=M. (6.3)

This is always a solution when the spectral parameter R-matrix is obtained via self-
Baxterisation [20], i.e. when the R-matrix belongs to the algebra generated by b;, since
in this case R-matrices with different spectral parameters commute:

[R(u),R(v)] =0  Vu,veC. (6.4)

11



The matrix M may in this case be interpreted as a Markov trace, as in [30].
More generally, there are two diagonal one parameter solutions for K~ (u) (up to an
overall function of u), given by

1
1+ 0)1+¢C)
(e +C)(e "+ ¢*C)
(e + C)(e ™ + ¢2C)

K, (u) =

8 (" + C) (e~ + ¢*C)
(e* + O)(e* + ¢*C)
(6.5)
and
+C
KK, (u i O : (6.6)
e+ C

Solutions for Kt (u) are given by [29]

Kt(u)=K (—u—p)M . (6.7)

Note that the number of one parameter diagonal solutions is the same as for the super-
symmetric ¢—J model [10] and is equal to the rank of the underlying algebra.

6.2 Open chain transfer matrix and exactly solvable hamiltonian

Using the Reflection Equations (6.1), (6.2), and the Yang-Baxter algebra (4.4), one can
prove that the double-row transfer matrices ¢(u) [22]

t(u) = C(u) Mtr KT (w)T(w)K™ (w)T(—u) ™ (6.8)
= trg ’CSF(U)QLO(U)QL—LL(U) " '7223@)7312(“) X
X IC; (U),]élg(U) cee ﬁgg(U) cee ﬁLfl,L(u),]éLO(u) (69)
commute for different values of u [27, 28, 29, 31]
We then compute
dt(u) d n B
| dutro Ky (u) T
L-1 d
= (tro K3 (0)) (2ZHH+1 + K1 (u) ) + 2tro K (0)Hro . (6.10)
j=1 u=0

It is standard to use this expression, divided by tro KCJ (0), to get a spin chain hamiltonian
with nearest neighbour interaction. By construction, this hamiltonian commutes with ¢(u)
for all values of u and it is hence exactly solvable [27].

12



This operation however provides nothing here, since, for all the diagonal solutions
for KT, we have trg j (0) = 0. This phenomenon was noticed in [31], and explained
by the use of typical representations, which implies tr M = 0 (actually Str M = 0 if no
bosonisation is performed). A method was found there to prove that, in the case

K (u)=1 and K (u) =M, (6.11)
the quantum chain hamiltonian

L-1
Y Hign (6.12)
j=1

still commuted with t(u) for all values of u. The U,(sl(2[1)) symmetry is built-in in
this case, since the expression of the hamiltonian (6.12) contains only the coproduct of
some Casimir operators (See equations (4.20), (8.7%), (B.8) and (8.3) which provide the
expression of #H,; ;11 in terms of some (p® p)A(C,)). This hamiltonian is then both exactly
solvable and quantum group invariant.

An other way to obtain an hamiltonian with local interaction in the cases when
trg Kg (0) = 0 is to take the second derivative of ¢(u) at u = 0. This method was also used
in [32], where the vanishing of the factor was due to the fact that ¢ was such that ¢* = 1.
It applies also with the solutions for Kt different from M and given by (6.7) and (6.5)

or (6.6).

d*t(u) d
du? |, = (2@“0 Kq (u) L + 4tro (IC HLO ) (2 ZH] J+1 + Ky (u) u=0>
+A + A+ Az + Ay, (6.13)
where
A= Lokt
1 = ﬁtrolC ( )u:() y (614)
d +
AQ = 41}1‘0 —ICO (U) HL() y (615)
du w0
d?
Ag = 21}1‘0 ]C(T( ) d 2RL0( ) y (616)
u=0
A4 = 2131‘0 (]C(T( )HL()HL()) . (617)

Now the factor (2:Ltrg K (u)|,_ +4tro (K§(0)Hro)) = 2 f-tro K (u)R3,|,_, in front
of the hamiltonian of interest can be chosen to be non-zero. Moreover, it is proportional

~ 2t(u)
ue0 du?

as a spin chain hamiltonian with nearest neighbour interaction.

to the identity, so that we can use

d .
(4 7o 10 K¢ (u)R3, (6.18)

u=0

The term %IC; (u)! _, contributes to a boundary term on site 1.
u=0
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The term A; obviously contributes only as constant. The terms A,, A3z and Ay
contribute to boundary terms on the last site L of the chain. Note that the sum
A+ Ay + A3 + Ay is equal to

2

d .
Al + A2 =+ A3 + A4 = —tr() IC(J)F (U)R%O

e (6.19)

u=0

The expression of the exactly solvable hamiltonian with open boundary condition is
then

L-1 L tro K (u)R2

1 d du2 1070 L0
Hopen = Y Hjj1+ = —Ki(u + ——u=0 6.20
P ; st g gl )u:o 4 Ltrg K (w)R3,|,_, (6:20)

From the expressions of the boundary terms in (6.20), one can prove that, if the solution
of the reflections equations are multiplied by arbitrary functions of u, the hamiltonian is
left unchanged (up to constant terms).

6.3 Integrable boundary terms

We use the construction of section § for the expression of the bulk term #; ;. = HJ"t,

of Eq. (5:6), (b.7) and (5.8). We then include the results of section § for the boundary
terms (inserting the R matrix of section ). We get

L-1
Mot = HI + By + By (6.21)
j=1
The boundary term B; = ﬁlCl_(u)}uzo on site 1 takes one of the forms
B) =0 (in the case K~ =1) (6.22)
or
Bi = ! X
L1+ CO)(1+¢2C)
X {(2 +C_ + q2C’_)E11 + (1 + C_) (E22 + E33) } (623)
or
Bl = ——~ (Eu+E»), (6.24)

(1+C-o)

(mutually exclusive) depending on the choice of the solution (IC; or K, ) for the matrix
K~. It depends on the parameter C_ = C from (6.5) or (6.6).
These expressions read, in terms of number of particles

B =0, (6.25)
B = e (@~ DO+ (14 C) (o ) } . (626)
B = (1%2)”“ : (6.27)
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d? -
ﬁtro IC(J)F (U)R%O
The boundary term By = ud u=0 on site L takes one of the forms
4 @tro Ka (u)Rio'uo
BY =0 (in the case KT = M) (6.28)
or
B} = L X
P4+ g A 200)(1+gA2Cy)
x{(2 +q N 2C g INTPC) B + (14 gA2CL) (B + Es3) } (6.29)
or

1
b _
BL= (I+q'A2C;)

(B + Ea) (6.30)

depending on the choice of solution for the matrix X (which is independent of the choice
for K~). It depends on a parameter C, coming from (6.5) or (6.6) when used as solutions
for KKt given by (6.7).

These expressions read, in terms of number of particles and after a redefinition of the
parameter C', that eliminates the dependence in A,

B =0, (6.31)
1
a __ 1 _ 2 ! 1 2! ) 2
Bf (1 +Cﬁr)(1 +q205r){( q )C+nTLn¢L +( +4q C+) (nTL +n¢L)} ) (6 3 )
1
b __

As we will see in the next section, there exists a non trivial choice for the boundary
terms B¢ and B that leads to an exactly solvable hamiltonian with U,(sl(2|1)) invariance.

7 Another spin chain hamiltonian: using the fermionic basis of

Uy(s1(2]1))

Alternatively, we could have used form the beginning the fermionic basis to describe the
quantum algebra. In this basis, the Cartan matrix is

@ =( 55 (r.)

The generators Ky, Ky, E1, Fs, F1, F5 in the fermionic basis are, in terms of the generators
in the distinguished basis:

K, =ki''ky' Ky =k
Ey =e3 Ey= foky"
Fl = —fg F2 = kgeg . (72)
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As algebras, U,(sl(2|1)) in both bases are identical. Only the choices of simple root are
different. However, the Hopf structure are not identical: the coproduct in the fermionic
basis is given by

AF)=FoK '+10F, (7.3)

which, in terms of the distinguished generators, is different from (2:4) (See [§]), and
will produce (using the same algorithm as for the distinguished case) a quantum chain
hamiltonian different from (5.6):

HIT™ = My + HI™ (7.4)

diag
with

Hﬁfﬁ;" = NNy + Mg 1M+l — [Q,U + 1]
+ ¢ ] (g + i) + ¢ Bl (i 4+ nys) - (7.5)

The hamiltonians obtained with the distinguished basis and with the fermionic basis are
actually very close to each other: the only difference is in boundary terms, which are
symmetric in T and | in the distinguished case, but not in the fermionic one. When
summed over the chain, the difference of the hamiltonians 7—[3;;227’ and H(‘f;ﬁl (without

integrable boundary terms added) is indeed

L-1
dist _ f dist _ T
H(J:;;TLH - Ho;asen - Z (Hdie;;nj,j+1 - Hdztszg j,j-‘,—l) - q— (niL - nil) : (76)

-1
i=1 1

The hamiltonian H/<'™ is actually equal to the hamiltonian (8:2%) obtained with the
distinguished basis, now including the integrable boundary terms B% (5.27) and B% (6:33)
coming from the second solution (6.6) of the reflection equations (6.1), (6.9), for the

particular choice of parameters

-1

T T

1
1 Oy =g\, =g\ (q 7 _ 1> . (7.7)

Although different, the two Hopf structures defined by (2.4) and (7.3) are equivalent
[83] through a Reshetikhin twist [B4]

A(a) = FA(a)F (7.8)

satisfying
(@) F=1®e¢F=1, (7.9)
(FONANF=(1F) (1 A)F. (7.10)
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It was indeed proved in [3d] that an operator F satisfying (7.8) could be obtained as
the factor of the universal R-matrix of U, (sl(2|1)) related with the fermionic root which
defines the super-Weyl reflection that relates the two bases.

This implies that open quantum chains built with the two-site hamiltonians (5.6) and
(7.4) are equivalent, the equivalence matrix being given by

(,0®---®p).7:(L), (7.11)
F©) being defined recursively as
FO = (Fo1® ) (A 12 H)Fe- (7.12)

As in [§], this equivalence is simple for the two site hamiltonians (i.e. for (5.6) and
(7.4) themselves). However, it becomes highly non trivial for longer chains, the reason
being that the equivalence produced by the twist is non local.

In [35], Reshetikhin twists are applied to the supersymmetric t—J model and to the
supersymmetric Hubbard model with pair hopping (5.6). This leads to multiparametric
hamiltonians. The effects of these twists are visible in the bulk term of the hamiltonian,
in contrast with the action of our twist which relates the distinguished construction to
the fermionic one, and which affects only boundary terms.

8 Another example

We can also obtain U,(sl(2)) ® U(1) invariant Hamitonians as

L-1

H=> 19 ®(p®p)AP{Q", Qe - a1. (8.1)

=1

sites 4,i+1

1/2

Choosing the four dimensional representation with the fixed parameter A = ¢~/~, and

taking a polynomial in Q) only, we get for instance
HZTZLH = CL‘HCL‘HCM‘GN + CL‘CL‘CM‘HGNH - SjS;Ll - S;S;ﬂ
+ (CL‘JrlCTi - CL-CTM) w{qg 'y + qnpi — (@ + ¢ Hngingig
+ (—CL-H%‘ + CL%H) {n4i + i1 — 2n9impi41
+ (ngi — Npi) {qflnu —qnyiv1 — (¢ — qfl)mmuﬂ} ) (8.2)
which satisfies the Temperley—Lieb algebra

b} = 0
bibizl:lbi = bz
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Such hamiltonians were found in [36, 19]. It was noticed that, although not hermitian,
they lead to hermitian hamiltonian when multiplied by (1 — 2nj; — 2n4; + 4nyny;) (the
parity operator on one site), the result satisfying also a Temperley-Lieb algebra (with
non vanishing square).

It could also be of interest to investigate the use of the hamiltonian (823) itself for
reaction-diffusion processes [37).
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A Appendix: scasimirs of U(sl(2|1))

We give in this appendix the expressions of the scasimirs of non-deformed superalgebra
U(sl(2]1)).

The scasimir of osp(2|1) appeared in [38, 8Y, 40]. In [4], the expression of the scasimir
is also given in the ¢g-deformed case.

The proof of existence of scasimir operators for osp(1|2n) was given in [41, 42}, where
it was also proved that the scasimir was the square root of a Casimir element of degree
2n. An explicit expression of the scasimir is written in [42].

The existence of scasimir operators in the case of sl(m|n) is known to Musson [43].

The classical superalgebra si(2|1) is defined by the relations

hla h2] - O )
hi’ej = a;;€; , [hiafj] = _ajifj )
e1, fi] = h1, [627f2]+ = hy,

e, es] = [f1, f3] =0, (A1)

where

€3 = [61, 62] and f3 = [fg, fl] . (A2)

The last relations in (A.1) may also be written as Serre relations

2 2
ejes — 2ejese; +ege] =0,

fife—2fifofi + foft =0 (A.3)
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We define the elements Q5 of the non-quantum U (sl(2]1)) as

Q(+)p = {h2(h1 + hy + 1) — fier — faea(hy + ha + 1) — fzeg(hy — 1)

+ fleeS + f362€1 + f2f36362}(—h1 — 2hy — 1)p—2
+ fafaezea(—hy — 2hg + 1)P72 (A.4)

and

Q(i)p = {f262(h1 + ha) + fzes(hy — 2)

— f1f2e3 — fsezer — 2f2f36362}(_h1 — 2hg)P7?% (A.5)

for p > 2. Their sum C, and difference S, are, respectively, Casimir operators and

........

relations (2.8, 2.9, 2.10,2:16, 2.17%, 2.18) are still valid as long as the indices p; are greater
or equal to 2. Notice that the classical operators Qz(,i), C, and S, are not the limits as ¢
goes to 1 of the corresponding quantum ones, but rather limits of some linear combinations
of them (See [§]).

Discussions with M. Bauer and V. Lafforgue led to an expression of S; in terms of
antisymmetrized products of fermionic operators e;, f;, i = 2,3 only, as for osp(1]2n) in

[42]. This seems to be possible for more general superalgebras.
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